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Coactivator-associated arginine methyltransferase 1 (CARM1),
a protein arginine methyltransferase recruited by several
transcription factors, methylates a large variety of proteins
and plays a critical role in gene expression. We report,
in this paper, four crystal structures of isolated modules of
CARMI. The 1.7A crystal structure of the N-terminal
domain of CARMI reveals an unexpected PH domain, a
scaffold frequently found to regulate protein-protein inter-
actions in a large variety of biological processes. Three
crystal structures of the CARM1 catalytic module, two free
and one cofactor-bound forms (refined at 2.55 A, 2.4 A and
2.2 A, respectively) reveal large structural modifications
including disorder to order transition, helix to strand
transition and active site modifications. The N-terminal
and the C-terminal end of CARM1 catalytic module contain
molecular switches that may inspire how CARMI
regulates its biological activities by protein-protein inter-
actions.
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Introduction

Post-translational methylation of arginine is a widespread
epigenetic modification found in eukaryotes that is catalyzed
by the protein arginine methyltransferases (PRMTs). PRMTs
have been implicated in a variety of biological processes,
such as regulation of transcription, translation and DNA
repair (Bedford and Richard, 2005; Pahlich et al, 2006;
Krause et al, 2007). PRMTs transfer the methyl group from
S-adenosyl-L-methionine (SAM, also known as AdoMet) to
the side chain nitrogens of arginine residues to form methy-
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lated arginine derivatives and S-adenosyl-L-homocysteine
(SAH, also known as AdoHcy). At least nine members of
PRMTs (PRMT1 to PRMT9) have been identified and classi-
fied into two main classes (type I and Il PRMTs). Both classes
catalyze the formation of monomethylarginine as intermedi-
ate. In a second step, type I PRMTs (PRMT1, PRMT3, PRMT4
and PRMT6) form asymmetric dimethylarginine, whereas
type II form symmetric dimethylarginine. Coactivator-asso-
ciated arginine methyltransferase 1 (CARM1, also known as
PRMT4) was identified as an enhancer of the transcriptional
activation by several nuclear hormone receptors (NRs) (Chen
et al, 1999). CARMI transcriptional regulation is done by
methylation of histone H3 (on Arg2, Argl7 and Arg26) and by
protein-protein interactions with the p160 family of coacti-
vators. As a transcriptional coactivator, CARM1 is a key
player in the formation of large complexes on gene promoters
leading to chromatin remodelling and gene activation (Lee
et al, 2002; Xu et al, 2004; Feng et al, 2006; Naeem et al,
2007). It has been proposed that CARM1 may play a dual
function first by activating transcription by modifying core
histone tails and then by facilitating disassembly of the
coactivator complex (Feng et al, 2006).

CARM1 has now been shown to methylate a large variety
of proteins which are all vital to gene expression (for a recent
review, see Wysocka et al, 2006). Those CARM1 substrates
can be broadly divided into two classes: (i) proteins that are
involved in chromatin remodelling (such as histone H3 and
the 300 kDa cAMP response element-binding protein (CREB)-
binding protein (CBP)) and (ii) proteins that possess RNA-
binding properties (such as PABP1, TARPP, HuR and HuD)
and splicing factors (such as CA510, SAP49, SmB and U1C)
(Cheng et al, 2007). CARM1 has been shown to be recruited
by several transcription factors and therefore plays a critical
role in gene expression as a positive regulator.

CARMI1 contains 608 amino acids in mouse (and human)
and its architecture has been schematically divided into three
domains. CARM1 is built around a catalytic core domain
(residues 150-470 in mouse CARM1 (mCARM1)) that is well
conserved in sequence (and therefore in structure) among all
PRMTs members (for recent reviews, see Cheng et al, 2005;
Krause et al, 2007). CARM1 possesses two unique additional
domains attached, respectively, at the N-terminal and at the
C-terminal end of the PRMT active site (Figure 1). Both N-
terminal domain (residues 1-130 in mCARM1) and C-term-
inal domain (residues 480-608 in mCARMI1) have been
shown to be required for the coactivator function of human
CARMI1 (Teyssier et al, 2002).

We report in this study the structure determination and the
structural analysis of four crystal structures corresponding to
three isolated modules of mouse CARMI1: CARMI,g 140,
CARM1,40-480 and CARMI1,5_507. CARM1,5_140 (residues 28-
140 of mCARM1) has been solved and refined at a resolution
of 1.7 A, while the structure of CARM1,5_so7 (residues 28-507
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Figure 1 Schematic diagram illustrating the modular organization of full-length CARMI1. Three structural domains are highlighted: the
catalytic core module, composed of two parts (a Rossmann fold topology (RF) and a B-barrel), is very well conserved among PRMTs members;
additional domains attached respectively at the N-terminal and at the C-terminal side of the PRMT active site. The borders of each domain are
indicated for mouse CARM1. The location of the four PRMT conserved motifs is also indicated. The isolated domains of CARM1 whose
structure has been solved and refined in this work are shown: resolution of the X-ray data and ordered residues in each domain are indicated.

Table I Crystallographic data and refinement statistics

CARMI;5_140

CARM1,5 507

CARM1,40_as0 SAH-CARM1, 40450

Space group P4,2, 2

Unit cell parameters
a, b, c (A),

Resolution (A)

46.1, 46.1, 201.3
42.0-1.69 (1.74-1.69)

P6,2 2 1222

136.0, 136.0, 125.3
50-2.55 (2.63-2.55)

P2,2,2

73.8,98.1, 207.1
30.0-2.4 (2.46-2.4)

74.5, 98.2, 206.05
30.0-2.2 (2.25-2.20)

Unique reflections 25232 21499 28039 74162
Completeness (%) 99.4 (99.9) 99.1 (99.4) 99.0 (95.0) 99.5 (96.4)
Number of atoms 1870 2785 5233 11 400
Reryst, Rfree (%)* 20.5 (25.5) 23.0 (26.9) 20.5 (26.5) 18.6 (23.9)
Bonds (A)/angles (deg)® 0.011/1.2 0.015/1.6 0.012/1.4 0.015/1.5
Average B factor 18.6 46.8 45.0 32.1

Numbers in parentheses indicate statistics for the high-resolution data bin.

R = Zpq|Fobs—Fcalc| /Xy, Fobs where Fobs and Fcalc are the observed and calculated structure factor amplitudes for reflection hkl, applied to
the work (Rfactor) and test (Rfree) sets, respectively. For each data set, the test set contains 5% of the data set.

PR.m.s. deviations were calculated using Engh and Huber parameters (Engh and Huber, 1991).

of mCARM1) has been solved and refined at 2.55 A resolu-
tion. The structure of CARMI1;49_450 (residues 140-480 of
mCARM1) has been determined in two different biological
states: an apo form (at 2.4 A resolution) and an SAH-
CARM1, 40_480 form (at 2.2 A resolution) with the SAH mole-
cule bound in the catalytic active site.

Results and discussion

CARM155_140 reveals an unexpected PH domain-like fold
and behaves as a dimer

CARMI1,5_149 Was expressed in Escherichia coli, purified and
crystallized. The structure has been solved and refined at
1.7 A (see Supplementary data for structure determination
details and Table I for crystallographic statistics). CARM1,5 140
adopts a PB-sandwich fold (Figure 2A) that contains two
nearly orthogonal B-sheets made up of seven antiparallel
B-strands and is capped by a C-terminal amphipatic a-helix
(residues 115-128). Strands B; to PB4 (residues 31-42, 49-63,
67-73 and 79-86) form a pB-sheet (B;_4) that is almost
orthogonal to a second B-sheet (Bs_;) containing strands Bs
to B, (residues 90-94, 98-103 and 106-111). As strands 3, and
B, contribute to both sheets, the overall structure has an
opened-barrel appearance. Two monomers of CARM1,5_14¢
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are present in the crystallographic asymmetric unit and the
dimer interface is made up by B-sheet fs_, of each monomer
(Figure 2B). The dimer interface corresponds to a buried
surface area of 1002 A? (using a sphere radius of 1.4 A), which
represents approximatively 15% of the total accessible sur-
face area of an isolated monomer. It is noteworthy that during
the purification and characterization process CARMI,5_149
always behaves as a dimeric entity as shown by native
gel electrophoresis, mass spectrometry under non-denaturing
conditions, analytical ultracentrifugation (see Supplementary
data). Nevertheless, the biological relevance of CARM1,5 140
dimer requires further investigations.

A search of the Protein Data Bank using the Dali server
(Holm and Sander, 1995) at EBI revealed that CARM1 ,5_14¢ i
highly similar to a family of Drosophila-enabled/vasodilator-
stimulated phosphoprotein homology 1 (EVH1) domains,
which includes protein Mena (PDB entry 1EVH; Z-score
12.6), Ran-binding protein (RanBP, PDB entry 1RRP;
Z-score 10.6) and Dcplp, a decapping protein involved in
mRNA degradation (PDB entry 1q67; Z-score 10.2). EVH1
domains belong to the superfamily of ‘pleckstrin homology
domain’ (PH) fold that is built up by two perpendicular
antiparallel B-sheets followed by a C-terminal amphipatic
helix. The loops connecting the B-strands differ greatly in
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Figure 2 Structure of CARM1,5_140. (A) Overview of one monomer illustrating the PH domain fold. Strands 1 through B7 and the C-terminal
helix a1 are labelled. The loops between B1 and B2 (VL1), between B3 and B4 (VL2), between B6 and 7 (VL3), which are variable in size and
conformation in known PH domains, are also indicated. (B) Overview of the noncrystallographic dimer. The interface is made up by B-sheet
Bs-7 of each monomer. This dimer interface observed in CARM1,5_140 usually builds up the ligand-binding site of other PH domains.

length in all known structures. EVH1 domains comprise an
important family of protein interaction domains which have
been shown to be located exclusively at the N-terminal end of
larger modular proteins and specifically bind to target pro-
line-rich sequences with low affinity and high specificity (Ball
et al, 2002, 2005). The few highly conserved surface-exposed
aromatic side chains that are characteristic of EVH1 domains
are not present in CARM1. Moreover, the surface buried at
the interface of the CARMI,5 149 dimer hides the ligand-
binding site found in all PH domains (Figure 2B).

To date, PH domain-like fold contains nine families in
SCOP (Murzin et al, 1995) and includes proteins involved
in a variety of biological processes such as signal transduc-
tion, cytoskeletal organization, nuclear transport and DNA
repair (Blomberg et al, 1999; Ball et al, 2002; Lemmon et al,
2002; Gervais et al, 2004; She et al, 2004; Lemmon, 2007).
This superfamily contains proteins that share a highly similar
fold in spite of insignificant sequence similarity. The PH
domain constitutes one of the most common tools used by
nature to build larger proteins and to regulate protein-protein
associations. This scaffold has been shown to provide low
affinity and high specificity in multiprotein complexes in-
volved in biological events that require association and
dissociation of proteins in response to external stimuli.
CARM1 has been shown to interact with a large repertoire
of proteins and to be involved in many multiprotein com-
plexes that all impact gene expression. Therefore, it may not
be so surprising to discover such a precious structural tool in
this versatile protein. As presented below, CARM1,g_;49 does
not interact with the catalytic domain. To the best of our
knowledge, local interactions involving the N-terminal do-
main and a protein partner have not yet been identified.
Therefore, if CARM1,5_140 dimer is not biologically relevant,
the ligand recognized by CARM1 PH domain will differ from
those already known and remains to be discovered.

CARM1 PRMT catalytic module

SAH-CARM1,40-450 (residues 140-480 of mCARMI1 in com-
plex with SAH) will be used as reference for the further
analysis and discussion of the catalytic domain of
mCARMI1. The core catalytic domain of CARM1 (residues
150-470) is very well conserved in sequence among all
PRMTs (for recent reviews, see Cheng et al, 2005; Krause
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et al, 2007) and was therefore expected to be similar in
structure with the already known structures of rat PRMT1
(PDB entries 10R8, 10RI and 10RH) (Zhang and Cheng,
2003), rat PRMT3 (PDB entry 1F3L) (Zhang et al, 2000) and
yeast RMT1/Hmt1(Weiss et al, 2000; Figure 3). The catalytic
module of CARM1 is indeed folded into two domains con-
nected by a conserved cis-proline residue (Pro288) and
divided into four parts (Figure 4). The first domain at the
N-terminal end contains a typical Rossmann Fold (yellow,
residues 166-287) and two terminal helices (pink, named as
aX (residues 144-154) and aY (residues 157-164) following
the convention used for rat PRMT3 catalytic core (Zhang
et al, 2000)). The second domain is a B-barrel (green,
residues 290-299 and residues 378-478) to which an arm
containing a four-helix segment (blue, residues 300-338) is
added. This arm has been shown to be involved in the
dimerization of PRMTs. The Rossmann fold domain that
harbors the AdoMet consensus fold conserved in AdoMet-
dependent methyltransferases (Martin and McMillan, 2002)
contains four helices (named A, B, D, Z and Z') and 5 strands
(named B1 to B5S). Two of the four PRMTs signature sequences
referred in this paper as motif I (Y;50F151XxXY154, numbered
as in InCARMl) and motif II (D191V192G193XG195XG197)
belong to the first domain. In CARM1;40-450, the B-barrel
contains 11 strands (named B6 to B16) and 6 helices
(E, F, G/, G, H and I). This domain harbors the two other
signature sequences referred in this paper as motif III
(S257E258XM 160G 261 XXLygaXXE67XM5 69, also known as double
E'lOOp) and motif IV (T414H415W416XQ413).

CARM1,49_450 differs from the already known PRMT cata-
lytic domain structures by three unique features located
respectively at (i) the N-terminal end, (ii) the C-terminal
end and (iii) in the dimerization arm of the protein. Except
that, the core catalytic domain of CARMI1 is indeed very
similar in structure with the already known PRMT catalytic
domain structures. Superimposing SAH-CARM1,40-450 On the
three other PRMT structures gives r.m.s. deviation in the
range of 1.4-1.6A between corresponding 296 Co. atoms.
As discussed below, residues 141-170 of CARMI1 are the
site of structural changes, including order-to-disorder transi-
tion and secondary structure conformational changes. Strand
16 of CARM1 (residues 472-478) has not been observed in
other known PRMTs structures, as the C-terminal end of
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Figure 3 Structure-based sequence alignment for rat PRMT1, rat PRMT3, yeast RMT1/Hmtl and mCARMI. The secondary structure is
displayed for mCARMI; the color coding is described in the text. The mCARM1 residue numbering is shown below the sequences. The four
motifs characteristic of the PRMT domain are shown. Amino acids highlighted are either invariant (blue) or similar (violet) as defined by the
following grouping: F, Yand W; I, L, M and V; Rand K; D and E; G and A; S, T, N and Q. Helices and strands are labelled as described in the text.

This figure was produced with the program TeXshade (Beitz, 2000).

other known PRMTs (Arg353 of PRMTI, GIn528 of PRMT3
and His348 of RMT1/Hmt1) corresponds to residue Lys471 of
CARML. Strand P16 belongs to the B-sheet formed by strands
B7-B12-B11-p10-p6-B8. The active site entrance is therefore
delineated on one side by helices aX and aY, on the top by
helix aZ and by the loop of motif IV, and on the other side by
strand B16. Finally, in contrast to PRMT1 and PRMTS3, the
dimerization arm of CARMI,40_450 cONtains an insertion
peptide of 10 residues that modifies the relative orientation
of the two monomers in the dimer. This arm contains two
a-helices (named E and G) and two short 3,9-helices (named
Fand G').

S-adenosyl-L-homocysteine-binding site
The structure of SAH-CARMI,49_450 refined at 2.2 A resolu-
tion confirms and extends what was already known from

4394 The EMBO Journal VOL 26 | NO 20 | 2007

PRMT1 and PRMT3 structures. The SAH molecule is buried
in a deep pocket located between the carboxyl end of the
parallel B strands 1, 2 and 4 and the N-terminal helices (X,
oY and aZ) (Figure 5A and B). The cofactor is surrounded by
all four PRMTs signature sequences and the interactions have
been generally classified according to the three moieties of
SAH. For the methionine moiety, Argl69 (of helix «Z) inter-
acts with the carboxylate atoms and with Glu258 of motif II,
while the amino group interacts on one side with the oxygen
atom of Gly193 and on the other side with Asp191 of strands
B1 via a water molecule, both residues belonging to motif I.
For the ribose moiety, both hydroxyls are mainly recognized
by Glu2l5 at the end of strand P2. For the adenine ring
moiety, nitrogens N6, N1 and N7 interact, respectively, with
Glu244 (loop after strand B3) and Ser272 (helix aD), the
main-chain nitrogen atom of Val243, and with a water

©2007 European Molecular Biology Organization
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A

Figure 4 The structure of SAH-CARMI;49_4g0- (A) Overview of one monomer. The SAH/SAM-binding domain is shown in yellow, the
N-terminal helices aX and aY in pink, the B-barrel in green, the dimerization arm in blue, the last C-terminal strand in orange. The bound SAH
molecule is shown in a stick model and the four motifs characteristic of PRMT domain (I, II, IIl and IV) are highlighted in red. (B) Ribbon
representations of SAH-CARM1,4¢_450 dimer formed by interactions between the dimerization arm of monomer 1 with the outer surface of the
Rossmann fold moiety of monomer 2. (C) Topology diagram of the secondary structure elements. The color code defined in (A) is also used

here.

molecule. This water molecule also interacts with Ser272
mentioned above. The binding site of the arginine substrate,
observed in PRMT1 structure, is occupied by ordered water
molecules.

The co-factor molecule is firmly locked and buried by three
of the four aromatic rings of motif I. Tyr154 of motif I
interacts with Glu267, a conserved residue that has been
shown to be crucial for the protein methyltransferase activity
(Lee et al, 2002). Therefore, as discussed below, structural
changes of the N-terminal helices (aX, oY and oZ) are
required during the catalytic pathway. The Tyr154-Glu267
interaction, involving two invariant residues in the PRMTs
sequences, may therefore be one of the clues that control the
catalytic reaction.

Order-to-disorder transition upon SAH binding on
CARM1140-430

In the absence of cofactor, the structure of CARMI,40-450
(apo-CARM1,49-450) Teveals that residues 144-154 which will
build up the N-terminal helix X of SAH-CARM1;49_4g0 are

©2007 European Molecular Biology Organization

not seen in the electron density map of apo-CARM1,49-450 and
are therefore probably disordered (Figure 5C). The other
noticeable structural change concerns the conformations of
two residues of motif II (Gly195 and Ser196) and of the loop
between helix F and G’ of the dimerization arm. Interestingly,
there are no conformation changes of the backbone of the
loops of motifs III and IV upon SAH binding. Moreover, in apo
and holo CARM1;49_4g9, the conformation of the loops of
motifs III and IV are very similar compared to SAH-PRMT1
(PDB entries 10R8, 10RI and 10RH) (Zhang and Cheng,
2003), rat SAH-PRMT3 (PDB entry 1F3L) (Zhang et al, 2000)
and yeast apo RMT1/Hmt1 (Weiss et al, 2000). The conserved
backbone conformations seem therefore to be a prerequisite
for catalytic activity. The only difference in the backbone
conformation of motif III concerns the residue corresponding
to Arg268 in CARM1 that is located between the conserved
Glu267 and Met269. Two conformations are observed in all
known crystal structures; a ‘down’ conformation as observed
in CARM1 (Arg268) and PRMT3 (Ser336) and an ‘up’ con-
formation as observed in PRMT1 (Ser 154) and RMT1/Hmtl

The EMBO Journal VOL 26 | NO 20 | 2007 4395
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Figure 5 PMRT catalytic site of CARM1. (A) Overview of the SAH-binding site. Backbone conformations of the loops of motifs I to IV are
highlighted in red. The ordered water molecules which occupy the binding site of the arginine substrate are shown as red spheres. (B) SAH
recognition: interactions between some active-site residues and SAH. SAH molecule and some key interacting side chains are shown as stick
representations. (C) apo-CARM1,49_450: residues 144-154 of helix aX of SAH-CARM1,49_4g0 are disordered. (D) CARM1,g_s0;. Part of helix aX
has been changed in a strand B0 and the kink between helices «Y and aZ has disappeared, helices «Y and «Z have been merged together. Strand
B0 forms a two-stranded antiparallel B-sheet with strand f16. Motifs II, IIT and IV adopt new conformations. The color code defined in Figure 4A

is also used here.

(Ser142). It seems that there is a correlation between these
two backbone conformations and the side chain orientation
of Glu267, a conserved residue crucial for the catalytic
mechanism (Zhang et al, 2000; Lee et al, 2002; Zhang and
Cheng, 2003). In PRMT1 and RMT1/Hmtl that display an
‘up’ conformation, the last glutamic acid residue of motif III
points away from the catalytic center, whereas in CARM1 and
PRMT3 it points towards it.

Excluding the disorder to order transition of motif I, a few
side chain rearrangements occur nevertheless upon SAH
binding in the catalytic site of CARM1,40_480. They primarily
affect the residues involved in the recognition of the methio-
nine moiety, Argl69, Glu258, Gln160 and Met269. In absence
of co-factor, the carboxylate group of Glu258 occupies the
binding site of the carboxylate atoms of the SAH molecule.
Fine structural changes and water molecule movements in
the active site will be published elsewhere.

CARM.g 507 reveals a wobbly N-terminal domain

CARM1,5_509; was expressed using recombinant baculovirus,
purified and crystallized as already published (Troffer-
Charlier et al, 2007). The structure has been solved and
refined at 2.55A (see Supplementary data for structure
determination details and Table I for crystallographic statis-
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tics). Two regions of the polypeptide are not visible in the
electron density map, namely residues 28-146 and 479-507.
The absence of residues (28-146) in the electron density map
of CARM1,5_s597 crystals prompted us to carefully analyze the
content of crystal to exclude proteolysis of the protein during
the crystallization process. This has been performed by four
different techniques: SDS polyacrylamide gel electrophoresis,
N-terminal sequencing and MALDI mass spectrometry ana-
lysis on the purified protein and on dissolved crystals, and
mass spectrometry under denaturing conditions on the puri-
fied protein (see Supplementary data). All techniques confirm
the integrity of the protein at the end of the purification
process and in the crystals and we will therefore keep the
name CARMI1,4_5o, for this construct.

The missing electron density in CARM1,g_s0; crystals (for
residues 28-146 and residues 479-507) corresponds to two
different origins of what is generally named disorder. At the
C-terminal end, missing electron density for residues 479-507
probably means intrinsic disorder, which was indeed pre-
dicted by sequence analysis (Linding et al, 2003). The struc-
ture of CARM1,5_1409 shows that residues 28-130 are ordered
and fold as a PH domain. Therefore, missing electron density
for those residues in the structure of CARM1,g_so; indicates
that the PH domain assumes different positions, moves as a
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rigid body and thus fails to scatter X-ray coherently. This
means that the PH domain of CARM1 behaves as a wobbly
domain (Dunker et al, 2001) connected by a flexible linker to
the PRMT catalytic core (residues 140-480) and that both
domains may behave independently. Nevertheless, they may
cooperate upon binding to one or several other proteins as
expected during coactivation of gene expression.

CARM1,g_s9; reveals large structural changes in the
catalytic site of PRMTs

In this work, we have solved the apo structure of the protein
methyltransferase domain of CARMI1 using two different
constructs, CARM1,4¢-450 and CARM1,5_5¢7. Those constructs
reveal and illustrate two different types of structural changes
occurring upon SAH binding and can therefore be analyzed in
the light of the structure of SAH-CARM1;49_450. TWO major
structural changes are observed in CARM1,5_ 50, and concern
the conformation of (i) peptide 147-179 and (ii) the four
motifs characteristic of PRMTs.

Biological insights from structures of CARM1 modules
N Troffer-Charlier et al

In SAH-CARM1,49_450, the N-terminal peptide is structured
into three helices aX (residues 144-154), aY (residues 157-
164) and oZ (residues 167-178) as it has also been observed
in PRMT3 (Zhang et al, 2000) (aX is not ordered in the
structure of PRMT1 (Zhang and Cheng, 2003)). For those
three helices, the angle between the axes of two consecutive
helices is around 120° and plane (X and oY) makes an angle
of roughly 90° with plane (oY and oZ) (Figures 4A and 6B). In
CARMI1 »5_s507, residues 148-152 form a B-strand (named B0),
followed by a turn of 3y, helix (residues 153-155) and
residues 159-179 have been merged into a single long
helix. To summarize, part of helix X has been changed in
a B-strand and the kink between helices oY and oZ has
disappeared, helices oY and oZ have been merged together.
Moreover, strand B0 forms a two-stranded antiparallel 3-sheet
with strand B16 located at the C-terminal end of the protein
(Figure 5D). Superimposing residues 160-478 (the PRMT core
domain, excluding motif I) of CARM1,5_59, With equivalent
residues of SAH-CARM1,49_450 leads to an r.m.s. deviation
between corresponding Ca atoms of 2.25 A. Global conforma-

C PH domain PH domain

Mono A T Mono B
N
=)

o =
N Ay C
PH domainl iFH domain
Mono A Mono B

Figure 6 (A) Communication pathways in CARM1 dimer. The arrows schematize the hypothetical pathways inside a monomer and between
monomers. (B) Structural changes at the N-terminal end of the PRMT catalytic domain of CARM1, which will lead to different position of the
PH domain with respect to the PRMT catalytic domain. For clarity, schematic diagram of one monomer of SAH-CARM1;4¢_450 is shown and for
CARM1,5 507 only B-strand BO and helix («Y+aZ) of the corresponding monomer are shown. Strand PO is antiparallel to B-strand P16
in CARMI1,5s07. (C) Noncrystallographic SAH-CARM1,40_450 dimer indicating the putative global position of the wobbly PH domain.
(D) Crystallographic CARM1,g 50, dimer indicating the putative global position of the PH domain. Monomer A of crystallographic
CARM1,5_509; dimer and monomer A of noncrystallographic SAH-CARM1;49_450 dimer have been superimposed and shown in the same

orientation.
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tional change can be described as a small hinge movement of
the two domains (Rossmann fold and B-barrel).

The structure of CARM1,5_50; also reveals a conforma-
tional change of the three other conserved motifs in the
PRMTs core domain. As described above, in all other
known crystal structures of PRMT catalytic domain, motifs
III and IV have conserved backbone conformations that seem
to be a prerequisite for catalytic activity. In CARM1,5_s507,
motif II and, surprisingly, motifs III and IV adopt new con-
formations that have not been seen before (Figure 5D). In
summary, CARM1,5_s597 reveals a structural rearrangement of
all motifs of the core PRMT catalytic domain, which certainly
corresponds to a nonproductive active site. It is surprising
that this nonactive conformation has not been observed with
apo-CARM1,40-480. It may mean that a molecular switch
between active and inactive conformations exists and is
correlated to the conformation of the N-terminal end of the
protein and more specifically to the presence of the kink
between helices Y and oZ. This kink contains Aspl66, a
highly conserved residue in all PRMTs sequences. Aspl66,
located just after motif I, interacts with His415, another
highly conserved residue in all PRMTs sequences belonging
to motif IV. It seems therefore that this kink is a pathway of
communications between motifs I and IV. Any modification
of the conformation of motif IV can be transmitted to motif III
located nearby in the structure, and any modification of motif
I at the level of the kink can be transmitted to motif II also
nearby. In CARM1,4_s7, helices oY and aZ are fused together
and the kink does not exist anymore. The highly conserved
interaction between Aspl66 and His415 is replaced by a
stacking interaction also involving two highly conserved
residues in PRMTs sequence, Argl69 and Trp416. The con-
formational changes of motif I (namely residues 148-152)
from an o-helix to a B-strand (80), and the formation of a two-
stranded antiparallel B-sheet between B0 and B16, position
helices oY and oZ in line and force them to merge together.

It is surprising that those structural modifications have not
been seen in apo CARM1,49_450, in Which residues 142-154 are
present (as confirmed by the structure of SAH- CARM1,49_4580)
but disordered. Crystallization conditions or crystal packing
effects may of course sometimes produce biological artefacts.
The crystals of CARM1,5_50; belong to the hexagonal space
group P6,22 with one molecule in the asymmetric unit.
Nevertheless, a crystallographic dimer can be generated
that is similar to the noncrystallographic dimer observed in
CARM1,40-480. A packing interaction exists between residue
158 (located just before the merged helix (aY-aZ)) of one
monomer and residue 150 (located in strand B0) of one
crystallographic equivalent molecule. However, this cannot
be the driving force to produce the formation of the observed
conformational change. CARM1,5_s507 has been crystallized in
the presence of 100 mM benzamidine chloride. Few mole-
cules of benzamidine have been localized in the electron
density map and one of them is located just nearby motif III
inside the hydrophobic core of the B-barrel. This binding may
be responsible for the modification of the conformation of
motif IIT and the changes may have been transmitted to other
motifs via the communication pathways described above and
leading to a nonproductive active site. This observation
opens new questions on methyl transferase inhibition and
requires further investigations. Nevertheless, as discussed
below, we would like to propose the hypothesis that this
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molecular switch (inactive conformations of the motifs,
secondary structure rearrangement and f-sheet formation)
may illustrate how CARMI1 may regulate its biological activ-
ities by protein-protein interactions.

Communication pathways inside CARM1 PRMT
catalytic dimer

Dimer formation has been shown to be a conserved feature in
the PRMT family and indeed the PRMT core of CARM1 forms
a similar dimer as observed in PRMT1, PRMT3 and yeast
RMT/hmtl. It has been proposed that the dimer structure is
necessary to build up the productive SAM-binding site and to
allow processive production of the final methylation product,
asymmetric dimethylarginine. CARM1 catalytic core can be
noncrystallograhic dimer (as observed in CARMI;49_450) OF
crystallographic dimer (CARMI,g.507). As expected, the
dimer formation involves interactions between the so-called
dimerization arm of one monomer (residues 300-338 in
CARMI1) and the solvent exposed faces of the Rossmann
fold helices (oY, aZ, oA and oB) of the other monomer
(Figure 6).

As described above (Figure 3), sequence comparisons of
the PRMT core of CARM1 (residues 150-471) with PRMT1
(36-354), PRMT3 (218-529) and RMT/hmtl (21-349) show
that CARM1 mainly contains an insertion peptide located
between helices F and G of the dimerization arm. Despite a
similar dimerization mode, dimers of core PRMTs CARMI1,
PRMT1, PRMT3 or RMT/hmtl cannot be superimposed.
Comparisons of CARMI1 dimers with PRMT1, PRMT3 or
RMT/hmtl show that superimposition of one monomer
leads to a rotation and a translation of the other monomer.
This is also true for CARMIl,g 507 and CARMI,40-450-
Comparison of apo CARMIljy_450 dimer with SAH-
CARMI,49_450 dimer shows that one monomer has rotated
approximately by 2.5° with respect to the other monomer in
the dimer. Comparison of apo SAH-CARM1,4¢_450 dimer with
CARM1,5_s50; crystallographic dimer, shows that one mono-
mer has rotated approximately by 13° with respect to the
other monomer in the dimer. Full details analysis of
these changes in CARMI1 dimers requires distinguishing
properly between crystal packing effects and biological
significative differences.

As the dimer structure seems important for protein methyl-
transferase activity, it should therefore exist signal commu-
nication pathways between the dimer interface and the
catalytic center. The crystal structure of CARMI reveals that
three communication pathways may exist and transmit any
modification of the active site to the dimer interface. As
described above, the active site entrance of CARMI1 is
delineated on one side by helices aX and «Y, on the top by
helix oZ and by the loop of motif IV, and on the other side
by strand B16.

The first pathway, as observed and described by other
authors, uses the mainly hydrophobic dimer interface
(Figure 6A) that involves three regions of one monomer
(residues 155-178 (aX, oY), 195-206 (aA), 218-232 (aB))
and the dimerization arm of the other monomer. Several
polar interactions also build up this interface, and many of
them are idiosyncratic to each PRMT protein. One interaction
involving Asn230, an invariant PRMT residue, and the main
chain atoms of the other monomer is conserved in all known
PRMT structures. The second pathway has not been de-
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scribed before, as it implicates the last B-strand 16 of
CARMI1. Molecular events in the catalytic center may be
transmitted on the other side of the active site through motifs
IIT and IV and strand B16. Inside a given monomer, a salt-
bridge interaction, involving Arg476 and Glu3006, two resi-
dues conserved in CARM1 sequences, links strand B16 to the
dimerization arm. A third pathway involves helix aX of each
monomer. Helix «X of monomer 1 is approximately perpen-
dicular to helix aX of monomer 2 and few interactions are
seen between the first turn of each helix and brings extra
stabilization to the dimer. Structural changes that occur
inside one catalytic center can therefore be transmitted to
the other catalytic site using those communication pathways.

Although dimerization (or oligomerization) is necessary
to carry out methyltransferase activity, the dimer may not
always be the biological active structure of CARM1 as re-
cently proposed for PRMT1 (Lee et al, 2007). Surface-scan-
ning analysis of PRMT1 suggested that full or at least partial
dissociation of the dimer (or oligomer) is necessary to bind
GRIP1. Similar phenomena may exist for CARM1 and the
pathways between monomers described above may be im-
portant as they highlight ways to modify the productive
catalytic dimer and therefore probably regulate the methyl-
transferase activity.

Functional implications and conclusion

CARMI1 architecture has been schematically divided into
three structural domains, a catalytic core domain to which
two unique additional domains are appended, respectively, at
the N- and C-terminal sides of the PRMT active site.
Bioinformatics analysis of CARM1 sequences, cloning, ex-
pression and purification assays of many constructs contain-
ing one or several regions of mCARM1 lead us to eventually
solve the structure of three isolated modules of mCARMI:
CARM1,5 149, CARM1,49-450 and CARM1,g so;. From se-
quences analysis, the first 25 amino acids and the last 120
amino acids are predicted to be highly disordered. Despite
extensive efforts, it has not been possible to overexpress,
obtain in a soluble state and purify in quantities or concen-
trations compatible with structural studies any constructs
encompassing those disordered regions. Moreover, at least
in our hands, constructs containing the C-terminal domain of
mCARMI are prone to proteolysis (data not shown). All those
data prompted us to hypothesize that the C-terminal domain
of mCARM1 is mainly unfolded in a free state and that a
disorder to order transition will take place upon binding to
one or several partners. CARMI is therefore another example
of natively disordered protein and can be divided into five
parts: two intrinsically disordered regions (residues 1-25,
residues 480-607), a wobbly PH domain (residues 28-130),
a small linker (residues 131-140) and PRMT catalytic domain
(residues 141-480).

In this work, we have solved the structure of the N-
terminal domain of CARM1. CARM1,5_149 adopts a PH do-
main-like fold, a very common structural scaffold that has
been found in a broad range of proteins with diverse enzy-
matic and regulatory activities (Kwek et al, 2004). Among PH
domains, CARMI1,g_14¢ is highly similar to EVH1 domains. As
discussed above, although the PH domain of CARM1 shares
structural similarity with EVH1 and other PH domains, there
is no sequence similarity with any known class. Moreover,
the ligand-binding site found in other PH domains is involved
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in the formation of CARMI,g 149 dimer. Therefore, if
CARM1,5 1409 dimer is not biologically relevant, the ligand
recognized by CARM1 PH domain may differ from those
already known and remains to be discovered.

We have also solved the structure of the PRMT catalytic
domain of mCARM1 in three different contexts: an apo
CARM1,40-480, @ SAH-CARM1,49_450 and an apo CARM1 ,5_50;.
Those constructs reveal and illustrate two different types of
structural changes occurring upon SAH binding and can
therefore be analyzed in the light of the structure of
SAH-CARM1,49_450. Comparison of apo CARMI,40_450 With
SAH-CARM1,40-450 Shows an order to disorder transition of
the N-terminal helix aX of CARMI. In all crystal structures, a
dimer (crystallographic or non-crystallographic) of CARMI1,
which is similar to other known PRMT structures, is ob-
served. The structures of CARM1 reveal that a B-strand ($16)
located at the C-terminal end of the PRMT core, and not
observed in other PRMT structures, has to be considered as
an essential feature of the CARMI1 active site. Comparison of
the two apo conformations, CARM1;49_450 and CARM1,g_s07,
reveals a conformational change of the four motifs character-
istic of PRMTs and a secondary structure change of helices
aX, oY and oZ. Part of helix oX has been changed in a B-
strand (0) that interacts with the C-terminal strand $16. The
observation may illustrate two aspects with biological rele-
vance. It first shows how protein-protein interactions may
lead to a nonproductive active site. As 16 is an integral part
of the active site, we can also hypothesize that the two-
stranded antiparallel B-sheet (B0-B16) observed in CARM1,5_
so7 mimics the interaction between CARMI1 and a potential
substrate. As CARM1 has been shown to methylate different
substrates, with apparently no consensus motif, backbone
interactions can increase affinity without itself imposing
specificity, and therefore may modulate affinity of different
partners for the same binding site (Remaut and Waksman,
2006). Finally, communication pathways that transmit any
modification of the active site to the dimer interface may be
found.

The CARMI,g_s59; structure reveals that residues 28-146,
which have been proven to be present in the crystallized
protein, are not seen in the electron density map. Therefore,
the N-terminal PH domain of CARMI1 behaves as a wobbly
domain connected by a flexible linker to the PRMT catalytic
core (residues 140-480). Nevertheless, they may cooperate
upon binding to one or several other proteins as expected
during coactivation of gene expression.

The crystal structures of catalytic domain of PRMTs did not
show how full-length proteins will dimerize (or oligomerize).
Analyses of our crystal structures of CARM1 PRMT domain
show how dimers of CARMI1 catalytic core can be assembled
to form octamer as sometimes observed in solution (data not
shown). The crystal of CARM1,5_149 dimer reveals how the
N-terminal domain of CARM1 may dimerize. However, the
structural changes at the N-terminal end of CARM1 PRMT
catalytic domain observed in SAH-CARMI 40450 and
CARMI1,4_50; lead to different putative positions of the PH
domain (Figure 6B). In orientation of Figure 6C, the PH
domain of each SAH-CARMI,49_450 monomer would be lo-
cated on the top part of the figure. Using a similar orientation
for the CARM1,4_so; dimer, the PH would be located on the
bottom part of the figure (Figure 6D). Those alternative
locations of the PH domain are not interchangeable after

The EMBO Journal VOL 26 | NO 20 | 2007 4399



Biological insights from structures of CARM1 modules
N Troffer-Charlier et al

the formation of the PRMT catalytic dimer, as movement from
one location to the other requires the dissociation of the
dimer. The biological signification of those alternative posi-
tions remains to be proven. As already mentioned, the
stabilization of the wobbly PH domain in its functional
position will probably require the presence of other partners.
Further insights will come from the structures of binary or
ternary complexes, including full-length CARM1 and protein
substrates.

CARMI is a key player in the formation of large complexes
on gene promoters and the work presented in this paper is
only a first step of a process aimed at understanding at the
atomic level the cooperative mechanism by which CARM1
plays its biological functions. Our work provides atomic
structure of CARM1 modules that constitute a starting point
for future interactions studies and a foundation for further
functional studies. X-ray crystallography is challenged to
produce a yearned image of several multiprotein complexes
involving CARM1 to understand how protein methylation is
controlled or regulated in the formation (or dissociation) of
large and dynamic complexes.

Materials and methods

Protein expression and crystallization

Details of the expression, purification and crystallization of
CARM1,5 140 are given in the Supplementary data. CARM1,g 507,
apo and SAH-CARM1,49_450 have been overexpressed, purified and
crystallized as already published (Troffer-Charlier et al, 2007).

Data collection, structure determination and refinement

The structure of CARM1,5_140 has been solved as described in the
Supplementary data. The current refined model has a crystal-
lographic R-factor of 20.5% (Rfree =25.5%) at 1.7 A resolution (see
Table I for detailed statistics). Data collection and initial structure
determination of CARM1 ,5_50; and CARM1,4¢_450 have been already
published (Troffer-Charlier et al, 2007). The structure of CARM1 ,5_s507
has been solved as described in the Supplementary data. The
structures of Apo CARM1,4¢_450 and SAH-CARM1,40_450 Were solved
by molecular replacement methods using the corresponding
isolated domain extracted from the previously solved CARM1 ,5_507
structure as a probe with MOLREP (CCP4, 1994). Apo
CARM1,40-450 crystals belong to the orthorhombic space group
1222 and contain two molecules in the asymmetric unit. The final
model contains two copies, designated as molecules A and B,
respectively. Two regions of the polypeptide are not visible in
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